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4, G a s  temperatures anove l5,OOO K have been observed i n  plasma generateddby 
radio-frequency induction coupling'. T h i s  high thermal erlergy regirre becon?es of 
i qce res t  to the  chemist f o r  t h e  inves t iga t ion  of highly endothermic r eac t ions .  
I?. par t i cu la r ,  t h i s  paper w i l l  r epo r t  reac t ions  between methane and n i t rogen  f ed  
t o  a t h e r m a l  induction plasma ar,d subsequently quenched t o  y i e l d  hydrogen cyanide, 
acetylene and hydrogen. 

PREVIOUS STUDIES OF THE E-C-N SYSTEM / 
Lar Pressure Discharges. 

s tud ied  t h e  reac t ions  of nitrogen, ac t iva t ed  by passage through a high-voltage 
discharge,  with var ious  hydrocarbons. These s t u d i e s  were c a r r i e d  out a t  pressures 
near 1 t o r r  wi th  very l o w  reagent flow r a t e s .  G a s  temperatures were a l s o  l o w ,  
t y p i c a l l y  300 C.  
"active" n i t rogen  yielded hydrogen cyanide, ace ty lene  and hydrogen2. 

Winkler and h i s  co-workers2-5 have sys temat ica l ly  

In t h i s  nonequilibrium system the reac t ion  betw-een methane and 

High Pressure Arcs. More r ecen t ly  high-power thermal a r c s  were used f o r  t h e  
study of t h e  H-C-N system near atmospheric pressure .  
p l a s m a  j e t  i n t o  which methane w a s  mixed. I n  h i s  b r i e f l y  repor ted  results, up t o  
LO percent conversion of t h e  n i t rogen  t o  HCN was found'. -At this symposium 
Freeman? has repor ted  an  extensive study of t h e  syn thes i s  of HCN, from EL ni t rogen  
plasma je t  intermixed wi th  methane. Typically,  a 7 percent conversion o f  N2 t o  
HCN w a s  observed. I n  both s t u d i e s  &, C2IJ2, and unreacted CHI, were a l s o  iden t i -  

Leutrer' opera ted  2 n i t rogen  

f i e d  as major cons t i t uen t s  i n  t h e  cooled product stream. 

If t h e  maximum mean temperature a t t a i n a b l e  i n  these  previous studies i s  ca l -  
c d a t e d ,  one f i n d s  that enthalpy input  w a s  i n s u f f i c i e n t  t o  generate mean tempern- 

f C a e s  g rea t e r  t han  - 5000 K. 
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Dissoc ia t ing  Plasmas. Upon considering t h e  var ious  spec ie s  poss ib le  i n . t h e  
Thermal-dis- H-C-N system, t h e  s t ronges t  bond found is N E N (226 kcal/g-mole). 

soc i a t ion  of N2 is essentiaU.y complete at  temperatures i n  excess of 8000 K". 
car. envis ion  a high-pressure, s t a b l e  plasma fed  wi th  any of e. v a r i e t y  of carbon, 
hydrogen, or n i t rogen  compounds and supplied wi th  s u f f i c i e n t  e r tha lpy  t o  reach 
t h i s  high temperature range. The cons t i tuent  spec ies  of srlch a plasma would be 
p r i n a r i l y  atomic nitrogen, atornic hydrogen, and atomic carbon near lo1-( cm-3 con- 
cen t r a t ion .  
nas  been genera l ly  Lnexplored. 
rap id  quenching of t h e  s i m p l e r  atonic-nitrogen/atormc-oxygen mixtures a t  10,Oc)O K 

Orv. 

The r e s u l t  of r ap id ly  quenching such! highly r eac t ive  atom mixture 
&ann and TimminsJ,lO, however, d id  study t h e  

d 
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and 1 atm, which were generated by a cons t r i c t ed  d . c .  a r c .  The study which i s  
reported i n  t h i s  paper was undertaken t o  explore the  chemical composition of 
m i x t u e s  formed. by t h e  r ap id  . .  .quench of atomic-nitragen/atomic-carbcn/atomic- 
hydrogen rnixtures. 

PLASMA REACTOR 

Radio-frequency Induct ion  Plasma. One convenient approach t o  achieve t h e  
r e q d r e d  temperatures i n  excess of 10,000 K a t  atmospheric pressure is  generation 
of a thermal plas,m by radio-frequency induct ion  heating. 
genera t ing  and conta in ing  a s t a b l e  high-temperature induct ion  plasma have been 
described i n  d e t a i l  by R e e d l j l l ,  Mironeru, Marynowski and Monroe'3, Freeman and 
ChaselL, and Thorpel?. F igure  1 presen t s  a diagram of  t h e  plasma generator used, 
A f e w  t u rns  of copper tub ing  were wound around t h e  outs ide  of a water-cooled 
quartz reac tor  tube.  This c o i l  induct ive ly  coupled t h e  suppl ied  r . f .  power in to  
the  gaseous r e a c t a n t s  s e n t  through t h e  r eac to r .  
very smal l  i n t e r n a l  diameter which served t o  quench r ap id ly  the  r eac t ive  plasma 
spec ie s  i s  shown. E f f i c i e n t  cool ing  allowed t h e  entrance t i p  of the  quench tube 
t c  be placed d i r e c t l y  i n t o  the  plasma core .  

The techniques f o r  

A water-cooled sampling tube with 

A c ross -sec t iona l  diagram of the  r eac to r  i s  presented i n  Fig.  2.  The i so-  
therms indica ted  are those  determined spec t roscopica l ly  by Reed' and' a r e  repre- 
s e n t a t i v e  of condi t ions  i n  t h i s  study. No d i r e c t  temperatwe measurements were 
attempted i n  t he  present  study. 

The Induction Plasma as a Chemical Reactor. Severa l  c h a r a c t e r i s t i c s  of t h i s  
system can be explo i ted  f o r  chemical synthes is :  

1. Average temperatures i n  excess of 10,000 K al lar  e s s e n t i a l l y  complete molecu- 
lar  d i s soc ia t ion .  
preserve des i r ed  f r e e  r a d i c a l s . )  

Plasma s t a b i l i t y  i s  maintained while opera t ing  a t  very low gas v e l o c i t i e s  
( <1 cm/sec) . 

(Lower power input  can reduce t h e  s p e c i f i c  enthalpy t o  

2. 
ThuS long res idence  times and e f f i c i e n t  mixing a r e  achieved 

3. The parer coupling involves no contac t  of e lec t rodes  wi th  t h e  plasma. 
f o r e  e lec t rode  cor ros ion  and contamination are eliminated, and wi th  s u f f i -  
c i e n t  input  power, t h e r m a l  plasmas of any stoichiometry can be s t a b i l i z e d .  

Quenching r a t e s  on t h e  o rder  of lo7 K/sec can be achieved i n  t h e  sampling 
probe. 
bine is  e f f i c i e n t l y  absorbed. , 

The system a c t u a l l y  is comprised of two r eac to r s  i n  s e r i e s :  

There- 

4 .  
Thus t h e  high hea t  of r eac t ion  re leased  as the  plasma spec ies  recon- 

I. t h e  plasma 
reac to r ,  wherein high-temperature t r a n s i e n t  spec ies  a r e  generated,  followed by - 11. the cpench r eac to r ,  wherein t h e  plasma precursors are r ap id ly  cooled within 
t h e  cold-walled sampling tube t o  y i e l d  room-temperature s t a b l e  products. 
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PLASMA COMFOSITION 1 

i Thermochemical Equilibrium. One of t h e  unique f ea tu res  of t he  thermal induc- 
t i o n  plasma i s  s t a b l e  opera t ion  wi th  l o w  gas flow. Since flow v e l o c i t i e s  i n  the 
plasma zone a r e  t y p i c a l l y  a few centimeters per  second, residence times on t h e  
order  of a second a r e  a s soc ia t ed  with plasma spec ie s .  I n  a plasma near atmospheric 
pressure the  p a r t i c l e  mean f r e e  pa th  is very s h o r t  and the  c o l l i s l p n  r a t e  very high. 

ceed q u i t e  rap id ly .  
composition approaches thermodynamic equilibrium. 

A t  plasma temperatures (c .  10,000 K) gas phase reac t ions  can be expected t o  pro- 1 
, 

\ 

These f a c t s  lead  t o  t h e  i n i t i a l  assumption t h a t  l o c a l  plasma 

The H-C-N System. The t h e o r e t i c a l  compositions of hydrogen-carbon-nitro en 
f6 mixtures a t  thermod namic equilibrium have been computed by Kroepelin, e t  a l .  , 

Mrynowski, e t  al.'f, and Bronfin, e t  a1.l8, for a va r i e ty  of condi t ions .  Computa- 
t i o n s  were based on f r e e  energy minimization using tabula ted  thermochemical datalg.  
F igure  3 presents ca l cu la t ed  equilibrium cornposition d a t a  f o r  a t y p i c a l  stoichiome- 
t r y :  
c e n t r a t i o n  is g rea t e r  t h a n  1.0 mole-percent are shown on t h i s  p lo t ;  however, twenty- 
one d i f f e r e n t  chemical spec ie s  were considered. I n  Fig.  3a, f u l l  equi l ibr ium was 
considered for  a two-phase system which included graphi te .  
temperature segment which is a l t e r e d  by t h e  exclusion of t h e  solid-phase,  C(s).  

'I 

' 

'\- 

H:C:N = 4:1:2, (CH4/N2 = l), at 1 /2  a t m  (380 t o r r ) .  Only spec ies  whose con- 

, 

'\ 
Figure 3b shows tha t  

Molecular n i t rogen ,  N2, i s  a major cons t i t uen t  over a broad range up t o  8000 K; 
t h e r e a f t e r  thermal d i s s o c i a t i o n  results i n  t h e  predominance of atomic nitrogen, N.  
As mentioned above, a t  temperatures over 8000 K, not shown of t h e  graph, t h e  system 
becomes completely d i s soc ia t ed  i n t o  a simple three-component atomic state:  H, C, N .  
A t  temperatures g r e a t e r  t han  7000 K s i g n i f i c a n t  thermal ion iza t ion  occurs,  gener- 
a t i n g  s i g n i f i c a n t  concent ra t ions  of singly-ionized atoms, e.g. ,  C , H , N'. As 
noted i n  both p l o t s ,  CHq d i s soc ia t ion  i s  w e l l  underway a t  1000 K, r e s u l t i n g  i n  the  
formation of I+ and C(s) i n  t h e  two-phase system (a); but t h e  formation of HCN and 
C2& i n  t h e  single-phase system (b ) .  A t  temperatures above 3000 K, Q% begins t o  
fragment t o  QH and H, and wi th  increas ing  temperature, t o  t h e  atomic spec ie s .  A t  
temperatures above 3800 K, HCN begins t o  fragment t o  CN and H, and wi th  increasing 
temperature, t o  t h e  atomic spec ies .  Nitrogen-hydrogen spec ies ,  e.g. ,  NIQ, .occur 

1 

\ 
+ +  I ' 

\ 

\ 
\ a t  concentrations below 0.01 mole-percent over t h e  e n t i r e  range p lo t t ed .  

I n  comparing t h e  common temperature segments of t h e  single-phase and two-phase 
composition diagrams, important d i f f e rences  are noted i n  t h a t :  
t r a t i o n s  of spec ie s  l i k e  HCN and C2& a r ~  preserved a t  lower temperatures i n  the  
single-phase case ,  and (2)  the  m a x i m u m  concent ra t ion  of t hese  spec ie s  i s  somewhat 
higher i n  the  single-phase case .  Hence i n  the  lower temperature range, t h e  pre- 

k i n e t i c  l i m i t a t i o n  a c t s  t o  f r eeze  t h e  mixture composition a t  around 2700 K so t h a t  
neg l ig ib l e  composition change is predic ted  over a f a i r l y  broad temperature in t e rva l ,  
down t o  1500 K. 

(1) higher concen- 

) 
d l c t e d  y l e l d  of HCN and QIQ is  enhanced by r e t a rd ing  carbon nuclea t ion .  This .; 

, ' 

Composition of t h e  Plasma. No d i r e c t  determination o f  t h e  plasma composition ' 
was attempted i n  t h e  p re sen t  study. O n l y  a few e f f o r t s  i n  t h i s  d i r e c t i o n  have 1 
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Figure  3 Equ i l ib r ium conpos i t i on  o f  equimolar  CH&-N* mix tu re .  ( a )  I n c l u d i n g  s o l i d  carbon;  ( b )  Excluding s o l i d  
carbor.. Region above T, common. 
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F i g ' x e  4 y i e i d  cf HCI:, expressed as pe rcen t  Pi2 conver t ed ,  as a f u n c t i o n  o f  i npu t  s t o i c h i o m e t r y .  

shov .win-- y i e l d  p r e d i c t e d  by thermodynaniic e q u i l i b r i w n .  
f r x .  t h e  plas-a r e a c t c r :  
p m e r  - 3.5 kv. Reactor  p re s su re  i d e n t i f i e d  w i t h  key. 

S o l i d  l i n e s  
Lata p o i n t s  shov expe r imen ta l  r e s u l t s  

P o i n t s  l a b e l e d  x from plasma J e t  s tud ie s6J7 .  
~r f l o w  r a t e  42 s t d  cc / sec , .  t o t a l  r eagen t  flow r a t e  2 s t d  cc / sec ,  ne t  
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appeared i n  t he  l i t e r a t u r e .  
plasma je t  using a s p e c i a l l y  designed entrance cone opening t o  a time-of-fl ight 
mass spectrometer.  
spec ie s  i n  a n  a i r  plasma. Unlike t h e  mass spectrometer measurements, however, 
emission spectroscopy 1s d i f f i c u l t  t o  quan t i fy  due t o  t h e  wide variance i n  t h e  
o s c i l l a t o r - s t r e n g t h s  of t h e  l i k e l y  emi t t e r s .  

O'Halloran, e t  al?', have d i r e c t l y  sampled an argon 

Raisen, et  a1.21J have made spectroscopic i d e n t i f i c a t i o n s  of 

I 

Faced with t h e  d i f f i c u l t y  of determining plasma composition d i r e c t l y ,  one is  
prone t o  apply equi l ibr ium predic t ions  as 8 guide t o  l o c a l  plasma composition. 
Referring both t o  Figs.  2 and 3, a highly d i s soc ia t ed  composition can be expected 
i n  most of t h e  p l a s m  reg ion .  
most of t h e  c e n t r a l  reg ion  of t he  plasma, would d i c t a t e  that t h e  atomic species 
H, C, and N, and t h e i r  i o n s  would predominate. 

Temperatures i n  excess of 10,000 K, expected over 

QUENCHING 

A t  t h i s  junc ture  it is important t o  ask  what Changes i n  composition would be 
encountered on  cool ing  t h e  €I-C-N atom plasma. A slow, gradual  cooling of t h e  
l a b i l e  intermediates r e s i d e n t  i n  the plasma zone may we l l  allow t h e  system t o  
r e v e r t  t o  t h e  o r i g i n a l  r e a c t a n t s  along an  equi l ibr ium path.  
found t N s  e f f e c t  i n  t h e i r  s tudy  of a 10 amp, 40 v o l t  d.c.  a r c  burning i n  8 hydro- 
carbon-nitrogen atmosphere. The composition of t h e  slowly cooled arc-heated gases 
was found t o  be mainly w, &, and C 1  and C2 hydrocarbons. No HCN w a s  observed. 
Under extremely r ap id  cool ing ,  however, k ine t i c  l i m i t a t i o n s  can in te rpose  along 
the  r eac t ion  path t o  y i e l d  d i f f e r e n t ,  uwre i n t e r e s t i n g  or valuable products. 

Kroepelin and K i p p i d 2  

The Cold-Wall Tube. A small-diameter, water-cooled tube was se l ec t ed  from 
t h e  v a r i a t y  of a v a i l a b l e  high-cooling-rate devices,  t o  provide rap id  and convenient 
quenching of the p l a s m  spec ie s .  
of t h e  three-concent r ic  tube  arrangement of t h e  quenching probe23. 
ou t s ide  diameter of t h e  probe was 318 i n .  
tube  which rece ives  t h e  hot  plasma w a s  0.032 i n .  The su r faces  of the inner  tube 
were s t a i n l e s s  steel; o t h e r  p a r t s  were f ab r i ca t ed  from copper. 
v a r i a t i o n  i n  the composition of the  co ld  surface w a a  not s tud ied .  

Figure lb shows a diagram of t h e  simple design 
The ove ra l l  

The i n t e r n a l  diameter of t h e  quenching 

The e f f e c t  of a 

Cooling Rate. Due t o  t h e  N g h  rate of heat t r a n s f e r  from plasma t o  adjacent 
cold wall, rapid cool ing  occurs  i n  t h e  quenching tube .  Freeman and ~ l t r i v a n ~ ~ , ~ 5  
have measured an i n i t i a l  temperature decay r a t e  of 5 x 107 V s e c  i n  water-cooled 
tubes.  
Anmann and Timminsm have ca l cu la t ed  cooling r a t e s  g r e a t e r  than  lo9 V s e c .  
ab ly  quenching rates i n  t h i s  range were assoc ia ted  wi th  t h e  quenching tube  used 
in.  this s tudy.  

I n  t h e i r  model of t h e  hea t - t r ans fe r  process occurr ing  i n  very smaU tubes, 
*ob- 

Reaction Path During Quench. Unfortunately,  t h e r e  is a s p a r s i t y  of high- 
temperature k i n e t i c  d a t a  for t h e  H-C-N system. 
c e r t a i n t y  t h e  r eac t ion  p a t h  followed as the  atomic spec ie s  H, C, and N, a r e  cooled 
from 15,000 K t o  500 K in 10 11tI~iBeCOnd6, for example. 

Hence one is unable t o  p red ic t  with 

After an examination of 
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t h e  experimental r e s u l t s  i n  t h e  succeeding sec t ions ,  i t  may be poss ib le  to  i n f e r  
th important s t eps  i n  t h e  r eac t ion  sequence. 

EXPERIMENTAL CONDITIONS 

Radio-frequency SuppQ, A commercially 12 kw (n&mind)  induction 
hea ter ,  o s c i l l a t i n g  a t  4 mHz, was t h e  p m e r  source f o r  t h e  experiment. 
c o i l ,  shown i n  F ig .  1, cons is ted  of f i v e  t u r n s  of 1/4-in.  o.d. ,  water-cooled, copper 
tub ing  wound t i g h t l y  around t h e  quar tz  r e a c t i o n  tube.  
c o i l  w a s  1 1/2 i n . ,  w i th  a c e n t r a l  diameter o f  3 i n .  

The load 

The o v e r a l l  height of t h e  

Reactor. Containment of t h e  plasma w a s  accomplished wi th in  a 35 cm long, 
47 mm 1.d.  quartz tube, mounted v e r t i c a l l y .  The high-power loadings necess i t a t ed  
cool ing  which was af forded  by flowing l/3 gpm of water i n t o  a cool ing  j acke t  sur- 
rounding t h e  c e n t r a l  r e a c t i o n  tube .  
s e n t  i n t o  the  tube through a brass f i t t i n g  sea l ed  onto  t h e  tube  base. 
r a t e s  were monitored wi th  ca l ib ra t ed  ro tameters ,  
r e a c t i o n  tube through a second brass f i t t i n g  sea l ed  on to  the t o p  of t h e  tube .  
cap, which WBB of approximately 1 l i t e r  volume, w a s  water-cooled. 
f i g u s a t i o n  t h e  t o p  f i t t i n g  functioned as a cool ing  chamber t o  reduce the average 
gas temperature t o  wi th in  a few degrees of ambient. 
t r o l l e d  by a high-capacity regula ted  vacuum l i n e  a t tached  t o  the  upper cap. 

The plasma-forming gases were premixed and 
0a6 f l o w  

Plasma-heated gases l e f t  t h e  
This 

I n  t h i s  con- 

The system pressure w a s  con- 

A s l i d i n g  O-ring seal w a s  provided a t  the  cen te r  of t h e  upper cap for posi-  
t i on ing  of the  3/8-in. 0.d. by O.032-ln. i . d b  quench probe along t h e  c e n t r a l  axis 
of t h e  r eac t ion  tube. 
r a t e  of l/3 gpm. 
of t h e  uppermost winding of t h e  load c o i l .  

Cooling water was suppl ied  t o  the  quench probe at a metered 
The en t rance  t i p  of t h e  probe WBB t y p i c a l l y  loca t ed  at t h e  cen te r  

The flow r a t e  through each cool ing  water l i n e  w a s  metered w i t h  c a l i b r a t e d  
I n t e r -  rotamet.era wNch were placed downstream of l i q u i d  pressure  r egu la to r s .  

cons i s t en t  mercury thermometers were mounted at  each cool ing  water l i n e  i n l e t  and 
o u t l e t .  
t o t a l  enthalpy de l ive ry  rates could be determined. 

& measurement of t h e  temperature rise and flow r a t e  i n  each cool ing  l i n e ,  

Chemical Analysi.8. The gae s t ream withdrawn through t h e  quench probe wae s e n t  
t o  an on- l ine  gas chromatograph for q u a n t i t a t i v e  ana lys i e .  
recommen ed by IsbeU27, followed by a molecular s i e v e  column, recommended by 
Purnel128, was ueed f o r  r eeo lu t ion  o f  chromatogram peaks. This conf igura t ion  
allowed t h e  de tec t ion  of t h e  following compounds w i t h  a thermal conduct iv i ty  ce l l :  
HCN, I@, Ar, N2, CQJ and var ious  higher hydrocarbons. 
de t ec to r  was usefu l  for d e t e c t i n g  low concent ra t ions  of wdrocarbons,  e,g., C q ,  

A t r i a c e t i n  column, 

A parallel flame-ionization 

CzQ. 

Experimental Variables.  T o t a l  p ressure  i n  t h e  plasma reac to r  w a s  t y p i c a l l y  
For  t h e  

T h i s  
380 t o r r ;  some d a t a  were also acqui red  i n  a range from 160 t o  760 t o r r .  
d a t a  repor ted  here t h e  argon feed r a t e  was 42 s t d  cm3/sec (6.5 g-mole/hr). 
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f l o w  r a t e  insured good plasma s t a b i l i t y  f o r  t h e  ava i l ab le  r . f .  power and remained 
w i t h  t h e  capacity of t h e  subatmospheric pressure  r egu la t ing  equipment. 
reagent gases were f e d  at 1 1 5 0 t h  t o  l / l O t h  that r a t e ,  w i t h  t h e  mola l  ratio varied 
over a broad range: 0.1 5 CH4/N2 5 25. The power coupled i n t o  t h e  gas mixtures 
w a s  -3.5 kw maximum, as determined from t h e  summation of cooling water heating 
rates. 

Added 

I 

I n  the  l a t e r  s t a g e s  of t h e  experiment var ious  n i t rogen-subs t i tu ted  hydrocarbon 
l i q u i d s  were fed t o  t h e  argon plasma, namely: 
c i a l  modifications t o  the gas-flow system were made t o  in su re  i n j e c t i o n  of these 
n l t r i l e s  i n t o  t h e  plasma. 
s ea l ed  gas- l iqu id  bubbler conta in ing  warmed reagent .  
r e l a t i v e l y  v o l a t i l e  , a s u b s t a n t i a l  moun t  of n i t r i l e  entrainment occurred. Rather 
t han  in t roduce  t h e  n i t r i l e - l a d e n  argon stream i n t o  t h e  r e l a t i v e l y  c o o l  gas region 
at t h e  base of the r e a c t i o n  tube, a s p e c i a l  i n j e c t i o n  probe was provided t o  in t ro -  
duce t h e  stream i n t o  t h e  hot plasma reg ion .  
pos i t ioned  through a n  O-ring seal i n  the  base cap. The probe design w a s  i d e n t i c a l  
t o  t h a t  previously descr ibed  for quenching ( c f .  f i g .  l b ) .  The t i p  of the in j ec to r  
probe w a s  placed at t h e  cen te r  of t h e  la re ramst  winding of t h e  load c o i l .  
rial e x i t i n g  t h e  i n j e c t o r  t h u s  w a s  assured of en te r ing  t h e  plasma zone. 

CH3CN, CH3C&CN, and CQCHCN. Spe- 

A part of t h e  argon feed  stream was s p l i t  o f f  t o  a 
Since these  compounds a r e  a l l  

This  second water-cooled probe w a s  

k t e -  

EXPERIMENTAI, RESULTS 

Plasma S t a b i l i t x .  Over t h e  e n t i r e  range of experimental. va r i ab le s  t h e  plasma 
w a s  s t a b l e  and b r i g h t l y  luminous. 
f i l l  about 90 percent of  t h e  c ros s - sec t iona l  area of t h e  cooled quar tz  tube  and 
extended from t h e  bottom t o  about 3 i n .  above t h e  r . f .  load c o i l .  
carbon f l u u  rates a gradual  build-up of soot occurred on t h e  quar tz  tube  walls. 

The luminous reg ion  of  t h e  plasma appeared t o  

With high hydro- 

Methane-Nitrogen Reactions 

Products of Reaction. A q u a n t i t a t i v e  a n a l y s i s  of t h e  gas stream withdrawn 
through t h e  quenching probe w a s  made f o r  each run. 
s to lch lometr ic  s t u d i e s ,  t h e  methane fed  t o  t h e  plasma w e a  completely reac ted ;  no 
methane w a s  detec ted  i n  t h e  'quenched .gas stream. 
products were i d e n t i f i e d :  HCN, C2&, 9. Also present  were Ar and unreacted 5.  

Over t h e  e n t i r e  range of 

The following major r eac t ion  

Nitrogen Conversion. S ince  e s s e n t i a l l y  complete conversion of methane w a s  
observed f o r  each run, t h e  varying conversion of n i t rogen  w a s  s e l e c t e d  88 an impor- 
t a n t  datum. 
atream is defined ea xi , t hen  t h e  conversion of ni t rogen,  defined BB a 

If t h e  mole f r a c t i o n  of a spec ie s  i found i n  t h e  quenched product 
is given 

bY : 
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The ceaswed  conversion cf ni;rsgc.n xa-ied from 3 psrcent  a t  t h e  lowest  
s to ich ione t ry  cocsidered, CFU.+/Id2 = j.1, 'io I niaximum of 70 percent  at a methane- 

a b l j  1:: excess of prs-,.ioGsly reported ni t rogen conversion l e v e l s  observed i n  
therclai piasna r e a c t i o n s .  P r c s s w e  v a r i a i i o n s  had no s i g n i f i c a n t  e f f e c t .  

rick, stc' -b.~lo:.-.ctr;, -;.. CH4/32 = 2 j .  Phis  h i g i i  vaiuc of i i i trogen f i x a t i o n  is  consider-  

Qpi?a l  Product Conpcsition. Tabie  I, below, presents  t h e  composition of  the  
prcd..ct s t ream produced under t y p i c e l  condi t ions.  

Teble I 
,) 

Typical  Product Composition 

Heactor Pressure - 3S0 t o r r  Net Power Input  - 3.5 kw 

InpLt ( s t d  cc/sec)  (mole-percent) 
Feed Rate Feed Composition 

97.6 
1.2 
1.2 - 

Tota l  42.8 100.0 

Composition 
(mole-percent 1 (mole-percent, &-f ree)  

90.5 
2.0a 
1.0 

0.3 
0 .2  

t r a c e  - 

- 
57 
29 

9 
5 - - 

190 .0 100 

:;cte e :  Ccnpositioiis dcterzi:ied fri:n gas chrcmatogra:r,i; - + 10 percent .  

A s  wzs seen i n  Fig. h, Table I shcws that about l2 percent  of :!,e nitrogel1 fed a t  
t b l s  stoici:icnetry vas corlverted t o  hydrogen cyanide. Ilinety-nine percent  of the  
,?!ethane f ed  was conver te i  :o the gaseoiis prccl.icts hydrogen and ace ty lene  and also 



I 
\ 

I 

t o  an unmeasured small q u s n t i t y  o f  s o l i d  product which deposited on t h e  w a l l .  
The minor d i s p e r i t y  between t h e  ni t rogen and carbon mater ia l  balances ind ica tes  
t h e  small f r a c t i o n  of m a t e r i a l  l o s t  from t h e  reac t ion  zone t o  deposi t ion on the 
r e a c t o r  walls. 

N i t r i l e  Reactions 

Products of Reaction. S d l  q u a n t i t i e s  of n i t r i l e s  could be continuously fed 
t o  the  argon plasma by using the  modified i n j e c t i o n  arrangement (described i n  t h e  
previous s e c t i o n ) .  
cooled probe w a s  analyzed w i t h  no change i n  t h e  gas chromatograph. 
complete conversion of t h e  lower molecular weight compounds , a c e t o n i t r i l e  , CH3CN, 
and a c r y l o n i t r i l e ,  C&CHCN, was observed. 
p i o n i t r i l e ,  CH3C+CN, w a s  observed i n  the  quenched gas stream, perhaps due t o  a 
bypassing of t h e  plasma core.  
products ,  a repea t  of those  produced i n  t h e  methape-nitrogen study. 
t r a t i o n s  of HCN, Q+, I@, and N;! were observed d o n g  with t h e  argon d i l u e n t .  
complete q u a n t i t a t i v e  chemical ana lys i s  of these  n i t r i l e  runs has not,  as yet ,  been 
performed. 

Mixed plasma which was quenched by w i t h d r a w a l  through t h e  water- , 
Essent ia l ly  

A minor amount (-10 percent)  o f  pro- 

Each of t h e  n i t r i l e s  produced the same reac t ion  't 

High concen- ' 

A 
1 

\ 

\ 

l, 

< 
, 
\ 

\, i 

DISCUSSION OF RESULTS 

Variance i n  t h e  Conversion Percentage. Considerable var iance i n  t h e  f 'raction 
of n i t rogen  converted w a s  observed among r e p e t i t i o n s  of runs wi th  constant  s toichio-  
metry, n e t  power input ,  and pressure.  
t h e  maximum observed conversion l e v e l s  f o r  each s toichiometry.  
i n  t h e  experimental  procedure which could have s c a t t e r e d  t h e  d a t a  darn from maximum 
conversion were : 

1. 

The data poin ts  p l o t t e d  i n  Fig.  4 include 
Sources of er ror  

Improper adjustment of r . f .  supply c o n t r o l s  so 88 t o  mismatch t h e  supply and t 

plasma impedance, perhaps generat ing plasma i r r e g u l a r i t i e s  

Minor air leaks which would add a d d i t i o n a l  ni t rogen t o  t h e  plaema t o  altec 
t h e  s toichiometry from prese t  values  

Deposition of carbon o r  hydrocarbon m a t e r i a l  on t h e  r e a c t o r  w a l l s  or, the  
reverse ,  s i g n i f i c a n t  vapor iza t ion  of carbon from t h e  w a l l s ,  t o  alter t h e  p r e - $  , 
s e t  s toichiometry.  

2. 

3 .  
I 

i 

I Thermochemical Equi l ibr ium Predic t ions .  As descr ibed i n  t h e  "Plasma Composi- 
t i o n "  sec t ion ,  above, a full range of composition c a l c u l a t i o n s  were made assuming 
thermochemical equi l ibr ium.  These c a l c u l a t i o n s  predicted that t h e  plasma composi- ' 
t i o n  w i t h i n  the r.f. coi l -  would be dominated by atomic spec ies  f o r  t h e  s p e c i f i c  
power input  used i n  t h i s  s tudy.  Perhaps t h e  following a d d i t i o n a l  considerat ion Of 

t h e s e  t h e o r e t i c a l  p r e d i c t i o n s  can e l u c i d a t e  t h e  processes  occurr ing during rapid ~ 

i 
\ 

quench. 'I 

i 
', 

i c  

. .  
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Freezing. 3 jpotnes ise  thzf eqxi1ii .r i .m i s  followed du.ri!ig t h e  i n i t i a l  s t ages  
6 
I'\ 

I ,.i.... 
cf coccling withir, t h e  quench t.&e. 
- k.. I S  cbeyed d w i n g  te:nperat:ce decay t c \  eppros ica te ly  3300 K, o r  more s p e c i f i -  

cf FCII t c  be f amed .  
, a re  froze:: a t  t h a t  point,  sc cha t  even as cco l ing  continues negl ig ib le  decomposi- 

1 tio!? I;f t h e  occurs. 

For h e ~ x i s t i c  pill'poses,, a s s a w  t h a t  equ i l ib -  

I -,. - G ~ L ; ,  t c  t h a t  temperat-re vh5r-e ?qKilibri,x:i p red ic t s  t he  maximum number of moles 
Then assux  tiiat e l i  r eac t ions  involving n i t rogen  spec ies  P 

I 

i I n  :w,kiiig t h i s  s e r i e s  of seemingly unwarranted 

, .oti isrs,  very slow. Focuskg  C.!I n i t rzgen-conta in ing  spec ies ,  t he  fc l lowing  types  

Chemical Reaction Kice t i c s .  
ass.mptions, sone spec i f i c  reacCiori r e t e s  have been implied t o  be very f a s t ,  while 

cf reactio:. nave been ass;;risd t c  be r ap id  iinaer t h e  condi t ions  developed i n  t h e  
' 

. .  1 Q',ik:.x:iLng tube: 
I 

\ 

Y 
i 
1 

14' + e- M 

Fur ther ,  t he  following have been assumed t o  be very slow: 

HCD; - many s t e p s  - €I! + N2 + C (5) 

To da t e  a f u l l  desc r ip t ion  of t h e  r eac t ion  k i n e t i c s  of  t he  H-C-N system, even 
a t  moderate temperatures, i s  unavailable.  I n  t h e  r ecen t  shock tube s tudy  o f  
hhrsha l l ,  J e f f e r s ,  and Bauer29, pre l iminary  r e s u l t s  i nd ica t e  t h a t  t h e  equilibrium 
i n  Reaction 4 may be achieved r a p i d l y  at e leva ted  temperatures.  
evidence poin ts  t o  a r a t h e r  complex reactior.  mechanism f o r  t h e  thermal d i s soc ia -  
t i o n  of HCN, wherein many more s t e p s  a r e  involved than mentioned here.  The corn- 
p l e x i t y  of this system was encodntererl i n  t h e  e a r l i e r  study of Robertson and 
Pease3', and i i l  similar systems explored by Goy, Shaw and P r i t cha rd3 l .  

However, t he  

Rapid dissociation/recombination r a t e s  have been determined fo r  n i t rogen ,  
ReactiOn 3 ,  by Wray3*. 
f o r  o tke r  reac t ions  l i k e l y  t o  be q u i t e  important i n  the  H-C-8 system. 

Reac t i sn  r a t e  d a t a  is not ava i l ab le  f o r  Reacclon 2, nor 

Atomic-ion/electror. recoxbination r eac t ions  f o r  each of t h e  t h r e e  atoms i n  
t he  plasma a r e  l i k e l y  t o  be rapid33 r e l a t i v e  t o  t h e  quenching time. 

I n  surnniary, e x i s t i n g  r eac t ion  rate d a t a  i s  fa- from s ic f f ic ien t  t o  check t h e  
assu-,pticns made abcut t h e  r e a c t i o n  niectanisms apprcpr ia te  t o  t h i s  H-C-N system. 
k d i i t i  onal k ine t i c  s t u d i e s  which genera te  p re sen t ly  unl.own reac t ion  rates are 
needed before an accura te  r eac t ion  path cari be pred ic ted  t h e o r e t i c a l l y  for t h e  
r eac t ing  H-C-N system. 

i 
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Ccxposition at t h e  Assumed Freezing Point.  The v a l i d i t y  of t h i s  f reez ing  
approacn can be found comparing t h e  pred ic ted  composition a t  t h e  f reez ing  tempera- 
ture w i t c  t h e  sbserved composition o f  tne  quznched gas  stream. 
va r i ao le s  a r e  defined f o r  Table 11, whlcn f a c i l i t a t e s  t h e  comparison. 

The follcwing 

For t h e  equilibrium c a l c u l a t i a n s  l e t  t h e  input  s to ich iometry  be charac- 
t e r i z e d  by t h e  molar r a t i o  CHq] /[N2 , s e t  equal  t o  + ; l e t  nN21be t h e  
number of moles of N;1 intro6uced; ani l e t  n: be t h e  number of moles OP 
spec ie s  i present at equi l ibr ium 2 t  a pressure ,  P ,  and a temperature, T . 
Then Tf i s  e s t ab l i sned  f o r  a given and P ,  as t h e  temperature a t  which 
equilibrium p red ic t s  t h e  quan t i ty  nlCN/nN2 i s  a maximum. 

Table I1 shows t h e  mole f r a c t i o n  o f  t h e  predominant spec ie s  f o r  a Tf value 
found i n  an equimolar i npu t  stoichiometry.  
t i o n "  sec t ion ,  above, so l id-carbon formation may be r e t a rded  i n  t h i s  system. There- 
f o r e ,  a second s e t  of mole f r a c t i o n  d a t a  have been presented i n  Table I1 which 
excludes t h e  spec ies  C ( s )  from the  ca l cu la t ion .  

As mentioned i n  the  "Plasma Composi- 

Table I1 

Calculated Equilibrium Composition at t h e  Temperature 
where HCN Yield i s  Maximized 

Pressure  - 380 t o r r  - 4 P [CHJ+]/ [Np] = 1.0 

Mole Frac t ions  

x2 
*e 
HC N 

Inc luding  C (  s )  

0.421 
0.252 
0.097 

0.543 
0.283 
0.109 

0.038. 0.065 
0.144 - 
0.020 

o the r s  0.030 

0.497 
0.266 
0.120 

0.073 
0.025 
0.005 

0.522 
0.274 
0.124 

0.080 - 
- 

Note a:  Adjusted t o  allow f o r  t h e  r eac t ions :  C2H + H - C2%, 2H - h. 
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\ Frozen Compositior: Calcillation v 5 r s u s  Expcri;:icntally. 0bscrvt.d Ccwposition. 
IC, indeed, t h e  o r i S i n a l  a s s u p t i o n  t h a t  important reac t io t i s  occu r r i rg  i n  t h e  gas 
withdrawn from t h e  plasma i n t o  the  cold quenching tube  a r e  . f rozen . in  t h s  v i c i n i t y  

i n  Tables I and 11. 
PO~UIM 2 i n  Table 11, r c i a t i v e l y  $cod ag remen t  i s  found. 

' 

1 1  ,of 3000 K i s ,  va l id ,  then agree'ment should be found betveeri t h e  cc::!pssitions l i s t e d  
Ir. comparing t h e  argon-fret coinposition l i s t e d  i n  Table I wi th  

I 

This comparison has been extended t o  thc' ikll ranee of s t s i ch iomct r i e s  s tud ied .  
i)n Fig. 4, t h e  m a x i m u m  n i t rogen 'convers ion ,  amar-l , and am0,-2,  has been p lo t t ed  

' agains t  input  CH)+/N2-molc r a t i o ,  4, .  The s.dlscript  1 r e f e r s  t o  ca l cu la t ions  includ- 
' ing  C ( s ) ;  subsc r ip t  2 ,  t o  excludine, C( s ) .  

crbserved r e s u l t s  i s  very good over more than a two-decade range i n  stoichiometry 
var ia t ion .  
t i o n  path.  

poss ib le .  Additional sxperimental  runs may l e s sen  t h i s  ambiguity. The r e t a rda -  
/ t i on  of carbon s o l i d  fcrmation, however, accoiints f u r  Less than a 10 percent  change 

i n  p red ic ted  maximum ni t rogen  conversion, an t h e  average. 

Agrceinunt between t h e  f r eez ing  mcdel and 

These r e s u l t s  s t rongly  support  . t he  f r eez ing  model i n  the  o v e r a l l  reac- 
With the  e x i s t i n g  s c a t t e r  of t h e  da ta ,  a de l inea t ion  between t h e  

; single-phase and two-phase equilibrium p red ic t ions  o f  composition at  T f  i s  not 

Freezing Temperature. The da ta  do not allow an t.xact determination of a f r ccz -  
i ng  temperature appropr ia te  t o  t h e  quenching process.  ke fe r r ing  back t o  Fig.  3a, a 
change of a few hundred degrees i n  t h e  assumed Tf could account f o r  t h e  d a t a  poin ts  
which i n d i c a t e  10 t o  20 percent  l e s s  than t h e  two-phase equi l ibr ium p red ic t ions  o f  
maximum ni t rogen  conversion. 
q u i t e  broad. 
t i v e  t o  v a r i a t i o n  i n  f r eez ing  temperature over t h e  range from 1500 t o  3000 K. 
Future experimental  r e f inenen t s  may allow a mvre exact determination of Tf . 

Fig .  3b shows t h e  HCN concent ra t ion  p la teaus  t o  be 
Hence t h e  n i t rogen  conversion p red ic t ion  would be r e l a t i v e l y  in sens i -  

Observed Compositions i n  N i t r i l e  Experiments. An a n a l y s i s  of t h e  m a x i m u m  
n i t rugen  convcrsion predic ted  by t i iernochenical equi l ibr ium has not  been nlade f i . r  
the  d i f f e r e n t  n i t r i l e  i npu t s  desckibed i n  tne  "Expcrirnental Conditions'' zectiuri. 
The s i m i l a r i t y  c j f  .product ciistri!iiition and uf the  r x t i o  of.  HCN t o  !Q i n  t h e  prcduct 
poitito t o  t h e  same reac t ion  mechanisms as i i i  tile CiU+/l\I2 s t u d i c s .  

Correlatiuri  wi th  S tudies  by Other Inves t iga to r s  

If t h e  proposed r eac t ion  mechanism is co r rec t ,  then t h e  y i e l d s  found i n  o the r  
s t u d i e s  of t h e  syn thes i s  of HCN by thermal r eac t ions  of hydrocarbons wi th  riitrogeri 
should not exceed t h e  pred ic ted  va lues  of a . Some r e s u l t s  of t h e  production of 
HCN i n  plasma je t s  have been repor ted ,  as was mentioned i n  t h e  "fieviolis S tudies"  
sec t ion .  While t h e  d i f f e rences  i n  design between t h e  plasma j e t  and induct ion  
plasma r e a c t o r s  are  not  d e t a i l e d  here,  sample r e s u l t s  from these  o the r  s t u d i e s  a r e  
p lo t t ed  on Fig.  4. 
plasma je t  experiments of Leu tne r l l  (designated X L )  and FreemanE (designated xF ) 
appear. 
conversion predic t ion .  

The maximum ni t rogen  conversion v d u e s  observed ' in  t h e  n i t rogen  

These experimental da t a  poin ts  a r e  seen t o  l i e  below the  maximum ni t rogen  
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The phenomena i r .  t : te  pias::.& ::et experiments which convert less n i t rogen  than ''; 
t h e  ,;axinurn pred3ct.Yd 6). t h e  ?'re:czilig rnuuel my w e l l  be l.ir,ked t o  a [nixing or  d i f -  
f'L;sian r a t e  (CHq a:. i 32 were ! ~ d t  prcfliixta) or' tc temperatures 4nsur'ficient t o  reach 

Tf . 
by the a u t h o r  . 

Thi ; .qses t icn  is ~ i ~ l :  sub,).:et 12 a separ-te t h e o r e t i c a l  ana lys i s  now i n  progress 

1 

THE REACTION SEQUENCE 

The experimental da t a  support t h e  fallowing descr ip t ion  o f  t he  o v e r a l l  reac- 
t i o n  seqdence: 

i. Plasma Reactic;;w. ' Feed reagerits. a r e  d i s soc ia t ed  t o  t h e i r  atomic cons t i t u -  
e n t s  i n  a therim, plasma. Some Tthermai  ioiiizatiQn accurs a t  s u f f i c i e n t l y  
high ternperatu.-s. 

CF& i 92 - c + H + N + C+ + H+ + N+ + e- 

2 .  I n i t i a l  C o o h n t  
cools  w i t n  chemical reactio:is following e q u l i b r i w n .  

Plasma taken inco  a small-diameter cold tube r a p i d l y  

C + H + N + ions - H + CIV + C2H + N2 - HCN + @ + N2 + C 2 w  

3 .  Frozen Reaction E m e t i c s .  Rapid cool ing  continues,  but a t  a rate much 
g rea t e r  than t h e  progress of t h e  apparent ly  complex r eac t ion  sequence 
necessary t o  des%roy trle spec ie s  HCN, C2H2, and %. Hence t h e  composi- 
t i on  of the cooiliig gas i s  f rozen  at t h e  end of S tep .2 .  

< 

\ 

Evidence fyr t h e  Freezing llbdel i n  Other Reacting Systems. The f r eez ing  model 

hmnann and. Timiinsl5 found a mechanism involving t h e  freez- 

Ahed  by a wealth of published r a t e  d a t a  on chemical reac- 

, 

' l i k e l y  i s  appl icable  t o  a wide v a r i e t y  of r eac t ing  thermal plasma systems which 
emplcy a r ap id  quench. 
in& of e q u i l i b r a t i a g  r eac t iuns  ' t a  be appl icable  t o  t h e i r  study of t he  quenching of 
nitrogen-oxygetl plasmc. 
tiotis i n  air ,  they were ~ b l e  t o  model t h c  time-temperature-composition h i s to ry  of 
M-0 plasma cool ing  wi th in  ma i l -d i ame te r  tubes .  
t u r e ,  Tf , w a s  found a t  35Oi ; 'K 1'c.r t h a t  system. 
uxi?e, NO, a t  Tf was preserved dur ing  continued r ap id  coolfng. 

A q u i t e  s i m i l a r  f reez ing  tempera- 1 

\ 
The equi l ibr ium composition of n i t r i c  

ti 
CONCLUSIONS ' . , . .  \ 

c Mixtures of mechane and n i t rogen  can be fed  continuously t o  a thermal argon 
indluctiori plasma maintaified abcve 13,300 K. . A  r ap id  quer.ch of t h e  heated plasma 
k x t u r e  produces HCN, C2@,  anc &. 
t h e  nitrogen converted, range between 3 and 70 percent,  a func t ion  of t h e  input 

, 

F i n a l  y i e l d s  of HCN, expressed'as a f r a c t i o n  Of I 
stoicbiometry . i 
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1 

\ -.  ne r eac t ion  proceecis 1.;  t:ie :cap;ccc   intion on of the feed r e a c t a n t s  i n  
- r j  ..._ pias:% t o  y i e l d  a mixt ,ae  cf 3, C,  an i  3. As t h i s  n i x t . x e  i s  quenched, the 
rsectia::  i n i t i a l l y  procee5s 2;cr.g ar. ey;llibri,.it? p t h ,  for1:;ir.g HCN, CZiI2, H2: and 

*.4,-,. E C ~ G W  t h e  tenperat33y whey-  cli? equ:-ibriL;:. :field OS 'TCN i s  maximized, the  
;?owcr r-;lrra:;gclrient reacs ions  etlci carto:. ::x ieatiori a r e  f'rozen by t h e  rap id  cool- 
;:.&, s- tha: neg l ig ib l e  c i t e r a t i c n  i n  t h e  des cc!:ipositic!-. occurs upon f u r t h e r  
c<.olln,;.  

I 

The author thariks W i l l i a m  Plchughlin f o r  h i s  d i l i g e n t  a s s i s t a n c e  ' in  pcrform- 
ing  these  experiinents. Than+ a r e  also extended Lo D r .  M. P. Freeman, of American 

' Cyanamid's Cent ra l  Research Laboratory, ana m. W .  G .  B u r w e l l ,  at t hese  labora tor -  
, i e s ,  fcr many c l a r i f y i n g  d iscuss ions .  
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